The Hsp70-interacting E3-ubiquitin ligase CHIP has been implicated in the decision as to whether a target protein enters the refolding or the degradation pathway. To further characterize the activity of CHIP we purified untagged Homo sapiens and Drosophila melanogaster CHIP (hCHIP, dCHIP). In contrast to other E3-ubiquitin ligases, both hCHIP and dCHIP proteins formed homodimers at physiological concentrations. We identified a predicted coiled-coil region in a mixed charge segment of the hCHIP and dCHIP sequence and found it to be necessary and sufficient for dimer formation. A mutant of hCHIP lacking this segment (hCHIP⌬-(128 -229)) was incapable of dimer formation, but the segment by itself (hCHIP-(128 -229) ) readily dimerized. Furthermore, we demonstrated that dimerization is a prerequisite for activity of hCHIP in the reconstituted ubiquitination assay. Control of dimerization may thus provide a mechanism for regulation of CHIP activity.
The Hsp70-interacting E3-ubiquitin ligase CHIP has been implicated in the decision as to whether a target protein enters the refolding or the degradation pathway. To further characterize the activity of CHIP we purified untagged Homo sapiens and Drosophila melanogaster CHIP (hCHIP, dCHIP). In contrast to other E3-ubiquitin ligases, both hCHIP and dCHIP proteins formed homodimers at physiological concentrations. We identified a predicted coiled-coil region in a mixed charge segment of the hCHIP and dCHIP sequence and found it to be necessary and sufficient for dimer formation. A mutant of hCHIP lacking this segment (hCHIP⌬-(128 -229)) was incapable of dimer formation, but the segment by itself (hCHIP-(128 -229)) readily dimerized. Furthermore, we demonstrated that dimerization is a prerequisite for activity of hCHIP in the reconstituted ubiquitination assay. Control of dimerization may thus provide a mechanism for regulation of CHIP activity.
A co-chaperone of eukaryotic Hsp70 and Hsp90 chaperones, the C terminus of Hsc70-interacting protein (CHIP), 1 was recently suggested to be involved in protein triage decisions that determine whether a substrate protein is degraded or refolded (reviewed in Refs. 1 and 2). This hypothesis is based on the observation that in vivo overproduced CHIP is found in activation-and folding-competent chaperone complexes with glucocorticoid receptor, cystic fibrosis transmembrane conductance regulator, and Erb2, leading to ubiquitination of these substrates and acceleration of their degradation through the proteasome (3) (4) (5) . Furthermore, a recent study suggested that heat-denatured polypeptides, captured in an aggregation prone conformation by chaperones, might also be substrates for CHIPdependent ubiquitination (6) .
The domain organization of CHIP comprises three TPR motifs in the N-terminal region that mediate interaction with Hsp90 and Hsp70, a region with a high number of positively and negatively charged residues (mixed charge region) of unknown function, and a C-terminal RING-finger-type E3 ligase motif, a socalled U box (see Fig. 1 ) (7, 8) . Based on these criteria, CHIP proteins can be identified in a variety of eukaryotic organisms ranging from Caenorhabditis elegans to man. Arabidopsis thaliana CHIP shows a significant degree of identity only to the U box of hCHIP. In contrast, the homology of this protein to the TPR motifs of hCHIP is very weak, and it does not contain a mixed charge region. It nevertheless seems to function as a bona fide CHIP protein (9) . No CHIP homologues exist in Saccharomyces cerevisiae and Schizosaccharomyces pombe. CHIP was recently identified as an E3-ubiquitin ligase by several laboratories based on the criteria of (i) self-ubiquitination, (ii) ubiquitination of several substrates including unspecific bacterial proteins (Hsp70 and Raf-1 kinase) and denatured substrate proteins such as luciferase, and (iii) a physical and/or functional interaction of CHIP with E2 enzymes such as UbcH5A that act specifically in the degradation of misfolded and aberrant proteins (6, 10 -12) .
Here we have purified two native CHIP homologues from Homo sapiens (hCHIP) and Drosophila melanogaster (dCHIP) and analyzed their biochemical and biophysical properties. We found that CHIP proteins form dimers via a putative coiled-coil domain located within the mixed charge region. Dimerization was essential for the E3 ligase activity of CHIP, which could have important consequences on both its mode of action and regulation.
EXPERIMENTAL PROCEDURES
Cloning of UbcH5C and Wild-type and Mutant CHIP Proteins-The cDNA encoding H. sapiens UbcH5C was obtained by reverse transcriptase-PCR from HeLa cell mRNA and was cloned into the bacterial expression vector pGM10 (13) producing an N-terminal His 6 fusion protein.
The cDNAs encoding hCHIP and dCHIP were obtained by reverse transcriptase-PCR from HeLa cell and D. melanogaster mRNA, respectively, and cloned into the bacterial expression vector pUHE21-2fd⌬12 (14) yielding the plasmids pUHE21-hCHIP and pUHE21-dCHIP, which produce untagged native proteins.
pUHE21-hCHIP⌬-(128 -229) was generated by PCR amplification using pUHE21-hCHIP as a template and PCR primers P1 (5Ј-GCG GAT CCC TGC TCC TTG GCC AGG C-3Ј) and P2 (5Ј-GCG GAT CCT ACC TGT GTG GCA AGA TCA G-3Ј). The PCR product was cut at the introduced BamHI sites and circularized by self-ligation, leading to a vector encoding for hCHIP with amino acids 128 -229 deleted.
hCHIP-(128 -229) was generated by PCR using pUHE21-hCHIP plasmid as template and PCR primers P3 (5Ј-GCT CTA GAT CAG TCG GGG ATG TCT CGC TTC-3Ј) and P4 (5Ј-CGG GAT CCA TGG CTC GGC TGA ACT TCG GGG ACG-3Ј). The PCR product was cloned into the pUHE21-2fd⌬12 expression vector.
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‡ Both authors contributed equally to this work. § To whom correspondence may be addressed. purified on a nickel-nitrilotriacetic acid column according to the manufacturer's recommendations (Ni-NTA, Qiagen).
Production of hCHIP and dCHIP in the bacterial host FI8202 (15) was induced at A 600 ϭ 0.7-0.8 with 0.4 mM isopropyl-1-thio-␤-D-galactopyranoside for 3 h at 30°C. From five liter cultures, 30 g (wet cell weight) was obtained and resuspended in buffer A (50 mM HEPES, pH 7.0, 50 mM KCl, 5 mM DTT, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride) containing 0.4 mg/ml lysozyme. After cell lysis by sonification and ultracentrifugation at 100,000 ϫ g for 1 h, the supernatant was precipitated with 40% ammonium sulfate. The pellets were resuspended in buffer A, dialyzed against the same buffer, and loaded onto a DEAE-Sepharose column (50 ϫ 150 mm) that was equilibrated with the same buffer. The column was washed with 2 column volumes of buffer A, and bound proteins were eluted with a linear gradient from 0 to 100% buffer B (50 mM HEPES, pH 7.0, 1 M KCl, 5 mM DTT, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride) over 2 column volumes. hCHIP-containing fractions were pooled and dialyzed against buffer A and loaded onto an SP Sepharose column (16 ϫ 150 mm). The column was washed with 2 column volumes of buffer A, and bound proteins were eluted with a linear gradient of buffer B (5 column volumes, 0 -100%). The peak fractions were pooled and applied to a gel filtration column (Superdex 200 high load 16/60, Amersham Biosciences) equilibrated with buffer A. Highly pure hCHIP-containing fractions were pooled, frozen in liquid nitrogen, and stored at Ϫ80°C.
Production of hCHIP⌬-(128 -229), harvesting, and lysis of cells as well as ammonium sulfate precipitation were performed as indicated above for hCHIP. The cell lysate was applied to a Source 30Q column (Hi Prep 16/10, Amersham Biosciences) equilibrated with buffer A. The column was washed with 2 column volumes of buffer A. Proteins were eluted with a linear gradient over 5 column volumes from 0 to 50% buffer B. hCHIP⌬-(128 -229)-containing fractions were pooled and applied to a Superdex 75 column (HR10/30, Amersham Biosciences) equilibrated with buffer A.
For the production of hCHIP-(128 -229), XL1-Blue cells harboring the hCHIP-(128 -229)-encoding plasmid were grown, induced, and lysed as described above for hCHIP. Proteins were precipitated with 55% ammonium sulfate, and the pellet was resuspended and dialyzed against buffer C (25 mM sodium phosphate, pH 7.2, 50 mM NaCl, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride). hCHIP-(128 -229) was purified by subsequent chromatography on Source 30Q (16 ϫ 10 mm) and Resource S (6 ml, Amersham Biosciences) columns. The columns were equilibrated with buffer C, and bound proteins were eluted with 5 column volumes of a linear gradient of 0 -1 M NaCl in buffer C. The hCHIP-(128 -229)-containing fractions were pooled and concentrated using a Vivaspin 0.5-ml concentrator (10,000 molecular weight cut-off, Sartorius). Aliquots of the purified protein were frozen in liquid nitrogen and stored at Ϫ80°C.
Mass Spectrometric Analysis-The CHIP⌬-(128 -229) protein was identified by mass spectrometry. The protein band was excised from a Coomassie Brilliant Blue-stained SDS-polyacrylamide gel and digested in gel with trypsin as described (16) . We analyzed the tryptic peptides by nanoelectrospray tandem mass spectrometry as described (17) using a QSTAR Pulsar mass spectrometer (MDS Sciex) equipped with a nanoES ion source (MDS Proteomics). Sequence searches were performed with the Protein and Peptide Software Suite (MDS Proteomics) using the NCBI nonredundant protein data base.
CD Spectroscopy-Far UV CD spectra were collected between 195 and 250 nm with a Jasco J-715 Spectropolarimeter for hCHIP, hCHIP⌬-(128 -229), and hCHIP-(128 -229). The measurements were performed in 50 mM potassium phosphate, pH 7.0, and 5 mM MgCl 2 at protein concentrations of 10 M in 1-mm cuvettes at temperatures ranging from 20 to 85°C.
Gel Filtration Analysis-Gel filtration analysis was carried out at 4°C at a constant flow of 0.5 ml/min on Superdex 200 (high load 16/60), Superdex 75 (HR10/30), and Superose 12 (HR10/30) columns (Amersham Biosciences) in PBS containing 1 mM DTT for hCHIP-(128 -229) or in buffer A containing 1 mM DTT at 4°C. Samples were incubated for 10 min at 30°C followed by brief centrifugation at 13,000 rpm at 4°C. To obtain a calibration curve, marker proteins (Bio-Rad) were run under identical conditions.
Chemical Cross-linking-Samples were incubated in buffer A containing 1 mM DTT for 10 min at 30°C. Glutaraldehyde was added to a final concentration of 0.025%, and the incubation was continued for 10 min unless otherwise indicated. The reaction was stopped by the addition of SDS-PAGE sample buffer (containing Tris), followed by a 10-min incubation at room temperature.
Bioinformatics-Coiled-coil predictions were done with the Coils program (18) from the ExPASy proteomics tool collection interface (www.expasy.ch) according to the recommendations of the distributor.
Ubiquitination Assays-Ubiquitination assays were performed with Escherichia coli proteins derived from a ⌬dnaK52 strain (WKG 191 (19) ). Unless otherwise indicated standard reaction mixtures (20 l) contained 50 nM E1 (Calbiochem/Boston Biochemicals), 1 M recombinant purified UbcH5C, either purified hCHIP, dCHIP, or hCHIP⌬-(128 -229) protein at 1 M, and 6 M ubiquitin (Sigma). In addition, the assays contained 2 mM ATP, an ATP regenerating system (20 mM creatine phosphate, 0.1 mg/ml creatine kinase), 10 mM DTT, and 5 mM MgCl 2 . The activity of hCHIP, dCHIP and hCHIP⌬-(128 -229) was assayed in the presence of 1.5 M human Hsp90 unless otherwise indicated. The ubiquitination assays were incubated for 3 h at 20, 30, or 37°C and stopped by the addition of SDS-PAGE sample buffer. After electrophoresis and Western blotting, the ubiquitinated proteins were detected with ubiquitin-specific antisera (Sigma).
In the hCHIP-(128 -229)-mediated inhibition experiments, hCHIP and hCHIP-(128 -229) were incubated with 4 mM sodium deoxycholate. hCHIP and increasing amounts of hCHIP-(128 -229) were mixed and dialyzed against PBS for 5 h at room temperature. Ubiquitination assays and Western blot analysis were performed as indicated above.
Antibody Generation-Avian antisera directed against CHIP were commercially produced by Q-biogene (Heidelberg, Germany) using a purified histidine-tagged hCHIP mutant protein lacking the TPR domain. The antibodies were detected with a secondary rabbit antichicken IgY (Sigma) antibody conjugated to alkaline phosphatase followed by ECF™ (Amersham Biosciences) visualization.
RESULTS
To characterize CHIP proteins biochemically, we cloned the coding sequences for hCHIP and dCHIP and produced the corresponding full-length, untagged proteins in bacteria. Both proteins were purified to apparent homogeneity by subsequent anion exchange, cation exchange, and size exclusion chromatography. To our knowledge this is the first purification of full-length untagged CHIP proteins (Fig. 2a) . Both CHIP proteins were active in a reconstituted ubiquitination assay containing E1, His 6 -UbcH5C, ubiquitin, and E. coli proteins as substrates (Fig. 2, b and c) , whereas omission of any component of the ubiquitination cascade did not allow the ubiquitination reaction to occur (Fig. 2b, lanes 1-4) . dCHIP was less efficient in ubiquitination (Fig. 2c) , which is not surprising given the fact that the E2 used was of human origin.
Quaternary Structure of CHIP-Since some of the TPR motif-containing proteins with which CHIP is thought to compete for binding to the C termini of the Hsp90 dimer are dimers themselves (e.g. HOP/Sti1 (20)), whereas others are monomeric (e.g. FKBP52 (21)), we were interested in analyzing the quaternary structure of CHIP. We therefore analyzed hCHIP and dCHIP by size exclusion chromatography. Neither of the CHIP proteins migrated according to their calculated molecular mass (ϳ35 kDa); rather, they eluted within a volume corresponding to a 120-kDa (hCHIP) and a 75-kDa (dCHIP) globular protein (Fig. 3) . The observed masses therefore exceed the theoretical molecular weight 3.6-and 2.6-fold, respectively. Within the analyzed protein concentration range (2-8 M; Fig. 3 and results not shown) the CHIP proteins eluted at exactly the same position.
To analyze whether the aberrant migration behavior on gel filtration columns was due to the unusual shape of the CHIP proteins or to multimer formation, we analyzed the potential oligomerization by chemical cross-linking of CHIP using glutaraldehyde followed by SDS-PAGE and silver staining. At a 1 M concentration of hCHIP and dCHIP, both proteins were almost completely cross-linked within 10 min (Fig. 4a, lanes 4  and 8) . The predominant cross-linked species exhibited an apparent molecular mass of about 70 kDa, consistent with the mass of a CHIP dimer. Under the same conditions, control proteins migrated at the size corresponding to their monomeric molecular weights (Fig. 4a, lane 9 and results not shown) .
Because the physiological concentration of CHIP is likely to be even smaller than 1 M (3), we repeated the cross-linking experiment at a 200 nM concentration of hCHIP, followed by trichloroacetic acid precipitation, SDS-PAGE, and silver staining. Again, the predominant cross-linked species migrated at 70 kDa, which corresponds to a CHIP dimer. Especially at higher protein concentrations, higher molecular weight bands were also detectable that migrated at the molecular weight of a CHIP tetramer (Fig. 4b, lanes 2-5, and results not shown) . Similar experiments were conducted at different temperatures and salt concentrations, and revealed that predominantly dimer bands were formed at temperatures between 25-39°C and at NaCl concentrations of 25-500 mM (results not shown). In analytical ultracentrifugation and static light scattering experiments, hCHIP appeared as dimers and higher order oligomers (data not shown). Both methods, however, are relatively insensitive, and we therefore attribute the observed higher order oligomers to the high protein concentrations that had to be used. Taken together, these results indicate that under physiological conditions CHIP adopts a dimeric quaternary structure.
A Putative Coiled-coil Domain Is Sufficient for CHIP Dimerization-To obtain insights into the molecular nature of the dimerization, we analyzed the sequence of the CHIP proteins. A coiled-coil domain, which is known to mediate protein-protein interactions (recently reviewed in Ref. 22) , was predicted by the Coils algorithm (18) within the mixed charge region in hCHIP, dCHIP, and to a lesser extent in the C. elegans CHIP. We cloned, expressed, and purified a fragment of hCHIP corresponding to the predicted coiled-coil domain with a calculated molecular mass of 12.4 kDa (see Fig. 1 ). The purification procedure was followed with an avian ␣-CHIP antibody. In gel filtration the fragment eluted at an apparent molecular mass of 32 kDa (Fig. 5a) . Chemical cross-linking with glutaraldehyde revealed that hCHIP-(128 -229), like the full-length proteins, adopted a predominantly dimeric structure (Fig. 5b) , demonstrating that the coiled-coil region of CHIP is sufficient to promote the dimerization of the protein.
hCHIP⌬-(128 -229) Is Monomeric and Has No E3
Ligase Activity-The dimerization of CHIP raised the interesting question of whether the quaternary structure is required for activity. Therefore, we created a deletion mutant, hCHIP⌬-(128 -229), lacking the putative dimerization domain of the protein (see Fig. 1 ). Because our hCHIP antiserum did not detect the hCHIP⌬-(128 -229) variant, we confirmed the identity of the deletion mutant protein by mass spectrometry (re-FIG. 2. Purified wild-type CHIP proteins act as E3 ligases. a, purification of hCHIP. hCHIP-containing fractions of different stages of the purification procedure were run on SDS gels and stained with Coomassie Brilliant Blue. b.i., total cellular lysate before induction; a.i., total cellular lysate after 3 h of induction. b.i., total cellular lysate before induction; a.i., total cellular lysate after 3 h of induction; DEAE, pooled peak fractions after DEAE-Sepharose column chromatography; SP, pooled peak fractions after SP-Sepharose column chromatography; S200, pooled peak fractions after Superdex 200 size-exclusion chromatography (see "Experimental Procedures"). b, reconstituted ubiquitination assay with E. coli extract as substrate in the presence or absence of E1, E2, hCHIP, or ubiquitin (Ub) (lanes 1-4) and titration of E2 concentration in the presence of all components (lanes 5-9) . The reaction was terminated by SDS-PAGE and subsequent immunoblot analysis using ubiquitin-specific antiserum. c, ubiquitination assay with dCHIP. Reactions were carried out as described in b in the presence of 1.5 M Hsp90 and in the absence or presence of increasing concentrations of dCHIP. Numbers at top indicate concentrations in M .   FIG. 3 . CHIP proteins migrate aberrantly on gel filtration columns. hCHIP and dCHIP were analyzed by size exclusion chromatography on Superose 12 columns and compared with known molecular mass standards (arrowheads). hCHIP eluted at 11.6 ml corresponding to a calculated molecular mass of 120 kDa. Different concentrations of dCHIP elute at 12.3 ml corresponding to 75 kDa. The theoretical molecular masses derived from the primary sequences are 35 and 34 kDa for hCHIP and dCHIP, respectively. Molecular mass standards: bovine thyroglobulin, 670 kDa; bovine ␥-globulin, 158 kDa; chicken ovalbumin, 44 kDa; horse myoglobin, 17 kDa; vitamin B-12, 1.35 kDa.
sults not shown; see "Experimental Procedures"). Surprisingly, the protein eluted on gel filtration columns at an apparent molecular mass of 40 kDa (Fig. 6a) , which is almost twice the calculated mass (22.8 kDa). However, upon treatment with glutaraldehyde, hCHIP⌬-(128 -229), in contrast to full-length hCHIP, migrated according to its calculated molecular mass on SDS-PAGE (Fig. 6b, lanes 3-6) . It is noteworthy that even though the incubation time in this experiment was prolonged up to 30 min, still no higher molecular mass oligomers of hCHIP⌬-(128 -229) were detected. Under these conditions the full-length hCHIP cross-links completely to higher oligomers. These results demonstrate that the mixed charge region of hCHIP contains a dimerization domain that is both necessary and sufficient for the formation of the quaternary structure.
The deletion of the predicted coiled-coil domain could compromise the folding of the remaining TPR and U box domains. Therefore, we analyzed the secondary structure content of hCHIP, hCHIP⌬-(128 -229), and hCHIP-(128 -229) (Fig. 7) by circular dichroism spectroscopy. The recorded spectra indicated for all three proteins (hCHIP, hCHIP⌬-(128 -229, hCHIP-(128 -229)) a similar high degree of ␣-helicity. For the full-length hCHIP protein and the hCHIP⌬-(128 -229) deletion mutant protein these data can be explained by the presence of the TPR motifs, which consist mainly of ␣-helices (23). In contrast, TPR motifs cannot explain the spectra of hCHIP-(128 -229), because they are not present in this construct. A   FIG. 4 . hCHIP and dCHIP form oligomers. CHIP proteins were nonspecifically cross-linked using 0.025% glutaraldehyde for 10 min at 30°C (unless otherwise indicated). Reactions were stopped by the addition of sample buffer followed by SDS-PAGE and silver staining. a, time course of cross-linking of 1 M hCHIP (lanes 2-4) and dCHIP (lanes 6 -8). As a monomeric control the kinase domain of a mutant of p21-activated kinase was used (lane 9). b, 0.2 M hCHIP was treated with cross-linker as above (lanes 2-5) in the absence (lanes 2 and 3) or presence of 10% glycerol. The samples were trichloroacetic acid-precipitated and analyzed by SDS-PAGE and silver staining on a 4 -16% gradient gel. M, molecular mass standards; nc, not cross-linked. 5. hCHIP-(128 -229) dimerizes. a, hCHIP-(128 -229) was analyzed by size exclusion chromatography on a Superose 12 column and compared with known molecular mass standards (arrowheads). hCHIP-(128 -229) eluted at 13.6 ml corresponding to a calculated molecular mass of 33 kDa. The theoretical molecular mass derived from the primary sequences is 12.4 kDa. b, hCHIP-(128 -229) was chemically cross-linked with 0.025% glutaraldehyde (GA) for 10 min at 30°C. Reactions were stopped by the addition of sample buffer followed by SDS-PAGE and silver staining. FIG. 6. hCHIP⌬-(128 -229) does not form oligomers. a, hCHIP⌬-(128 -229) was analyzed by size exclusion chromatography on a Superdex 75 column and compared with known molecular mass standards (arrowheads). hCHIP⌬-(128 -229) eluted after 11.5 ml corresponding to an apparent molecular mass of 40 kDa. b, 1 M hCHIP, hCHIP⌬-(128 -229), and PAK2 KD (kinase domain of p21-activated kinase), were incubated in the absence (Ϫ) or presence (ϩ) of 0.025% glutaraldehyde (GA) for 10 min at 30°C. high degree of ␣-helicity, however, would also be consistent with a coiled-coil domain as predicted for hCHIP-(128 -229) by the Coils algorithm. In addition to determining the overall content of secondary structure elements, we used circular dichroism spectroscopy to monitor the thermal stability of the three proteins. These experiments revealed significant differences in the structural stability of wild-type and mutant proteins. The spectra indicate that wild type hCHIP keeps a significant degree of ␣-helicity up to a temperature of 37°C, whereas hCHIP⌬-(128 -229) loses secondary structure already at temperatures above 20°C. To rule out the possibility that a lack of biochemical activity could be due to the loss of structure of the mutant protein, we performed the reconstituted ubiquitination assay at 20°C (Fig. 8, left panel) . Whereas hCHIP showed full activity, hCHIP⌬-(128 -229) was completely inactive at all temperatures tested. As expected, at 30°C no ubiquitination activity was detected (Fig. 8, right panel, compare  lanes 1-4 with lanes 5-8) . Therefore, we conclude that the dimerization of hCHIP is important for its E3 activity.
FIG.
hCHIP-(128 -229) Inhibits CHIP-mediated Ubiquitination-If the dimerization of CHIP is important for activity, any treatment that disrupts CHIP dimers is expected to result in inactivation. We therefore preincubated hCHIP with increasing amounts of hCHIP-(128 -229) (up to 25-fold) for 30 min at 30°C and then tested for ubiquitination activity in our standard assay. However, only a very weak inhibitory effect was observed (results not shown). We hypothesized that the hCHIP dimers and/or hCHIP-(128 -229) dimers were thermodynamically or kinetically too stable to allow the formation of heterodimers. To test for this possibility, we tried to monomerize hCHIP using low, nondenaturing concentrations of a wide variety of detergents and chaotropic agents. We found that only sodium deoxycholate was able to monomerize hCHIP, as evidenced by cross-linking (results not shown). Deoxycholate, however, inhibited the ubiquitination activity of hCHIP with kinetics similar to its promotion of monomeriziation (results not shown). We, therefore, first monomerized hCHIP and hCHIP-(128 -229) with deoxycholate, mixed both proteins at various ratios ranging from 1:0 to 1:20 (hCHIP:hCHIP-(128 -229)), and then dialyzed the samples against PBS for an extended time before performing the ubiquitination assay. Not surprisingly, deoxycholate-treated hCHIP was inhibited in its ubiquitination activity (Fig. 9, lane 1) , whereas deoxycholatetreated and afterward dialyzed hCHIP exhibited an activity comparable with that of untreated hCHIP (lanes 2 and 3) . In contrast, assays containing increasing amounts of hCHIP- ; lane 3, same as lane 1, but activity was assayed following dialysis against PBS; lanes 4 -6, sodium deoxycholate-treated hCHIP-(128 -229) was added to sodium deoxycholate-treated hCHIP (1 M) at the indicated ratios. Activity was assayed following dialysis against PBS. The reaction was terminated by SDS-PAGE and subsequent Western blot analysis using ubiquitin (Ubi)-specific antisera. nd, not dialyzed after sodium deoxycholate treatment. d, dialyzed after sodium deoxycholate treatment.
FIG. 7.
Secondary structure analysis of hCHIP, hCHIP⌬-(128 -229), and hCHIP-(128 -229). 10 M hCHIP, hCHIP⌬-(128 -229), and hCHIP-(128 -229) in 50 mM potassium phosphate, pH 7.0, and 5 mM MgCl 2 were heated from 10 to 85°C at a rate of 2°C/min, and far UV CD spectra were recorded at the indicated temperatures with a Jasco J-715 Spectropolarimeter .   FIG. 8. hCHIP⌬-(128 -229) does not act as an E3 ligase. A reconstituted ubiquitination assay was performed with E. coli extract as substrate in the presence of all components (lanes 1 and 5) , in the absence of E2 (lanes 2 and 6) or hCHIP (lanes 3 and 7) , and in the presence of hCHIP⌬-(128 -229) instead of hCHIP (lanes 4 and 8) at 20°C (left panel) and 30°C (right panel). The reaction was terminated by SDS-PAGE and subsequent Western blot analysis using ubiquitinspecific antisera.
(128 -229) showed a concentration-dependent decrease in the amount of ubiquitination (Fig. 9, lanes 4 and 5) . These results allow the conclusion that hCHIP-(128 -229) can inhibit the ubiquitination activity of hCHIP in a concentration-dependent manner only if hCHIP has been previously monomerized. After dimer formation an exchange of partners could not be observed, arguing for a relatively high stability of the dimer.
DISCUSSION
In this study, we determined the quaternary structure of the Hsp70 co-chaperone, CHIP, from H. sapiens and D. melanogaster. Using two independent methods we showed that hCHIP forms dimers, and even at the lowest concentrations tested (200 nM) no monomeric CHIP was detectable. In vivo the amount of hCHIP has been estimated to account for 0.04% of total cellular proteins (5), resulting in a concentration of hCHIP of around 300 nM. hCHIP thus should largely be dimeric in vivo. The dimerization is mediated by a part of the mixed charge region that is predicted to form a coiled coil. For hCHIP we showed that this domain is necessary and sufficient for dimerization. The CHIP dimers could be in an equilibrium with a tetrameric or even higher oligomeric state, because we observed low abundance bands of corresponding molecular weights in our crosslinking assays, analytical ultracentrifugation, and static light scattering experiments. The formation of such oligomeric states is, however, very concentration-dependent, and higher order oligomers become prominent only at unphysiologically high concentrations.
What might be the biological significance of the dimeric state of CHIP? There are several possible explanations. First, dimerization of hCHIP could be essential for efficient competition with the Hsp70-Hsp90-organizing protein Hop for binding to the C termini of the Hsp90 dimer. hCHIP has been shown to reprogram complexes of chaperones with substrates such as the glucocorticoid receptor and redirect the substrates to degradation (5) . Hsp90, Hsp70, and their co-chaperones, among them Hop, can be found in these complexes. For both proteins, Hop and hCHIP, it has been shown that the conserved Cterminal EEVD motifs of Hsp90 and Hsp70 are essential for binding (23) . Because Hop is a dimeric protein and, in addition, more abundant in mammalian cells than CHIP, dimerization of CHIP may contribute to its ability to compete with Hop in the binding to chaperone-substrate complexes.
Second, our results demonstrate that the enzymatic activity of hCHIP depends on the association of two inactive monomers. This could raises the attractive possibility that regulation of dimer formation could control the ubiquitination activity of CHIP. Although no regulatory partner proteins of CHIP have been identified thus far, the situation could be similar to the case of the tumor suppressor protein BRCA1, which is only active as a functional E3 ligase when in a heterodimeric complex with BARD1 (24, 25) . Both proteins, BRCA1 and BARD1, carry RING domains, and their dimerization via a four-helix bundle brings the active sites into close apposition.
In this context it is interesting that CHIP was recently found to promote trimerization, nuclear localization, and transcriptional activation of the heat shock factor HSF1 through physical interaction with HSF1 and Hsp70 (26) . This activity was independent of the ubiquitination activity of CHIP, and it is tempting to speculate that monomeric CHIP interacts with its coiled-coil domain with the coiled-coil domain of HSF1 and with its TPR domain with Hsp70, thereby abrogating the Hsp70-mediated inhibition of HSF1.
It was surprising to find that CHIP is not very thermostabile. By circular dichroism spectroscopy a significant loss of secondary structure was observed in wild-type hCHIP at temperatures above 37°C. However, ubiquitination assays performed at these temperatures yielded only a slight reduction in ubiquitination efficiency. It is therefore possible that CHIP is stabilized at high temperatures by its interaction with chaperones, substrates, and/or E2 enzymes.
Our finding that hCHIP-(128 -229) can act in a dominant negative fashion to inhibit the function of CHIP also raises the possibility that this fragment could be used as a biotechnological tool to down-regulate the undesired CHIP-mediated degradation of substrates such as the mutant cystic fibrosis transmembrane conductance regulator (CFTR ⌬F508) or glucocorticoid receptor (3, 5) . In addition, hCHIP-(128 -229) may interfere with CHIP-mediated activation of HSF1 and therefore be used to down-regulate the heat shock response.
